Fusel alcohols are precursors and contributors to flavour and aroma compounds in fermented 24 beverages and some are under investigation as biofuels. Decarboxylation of 2-oxo acids is a 25 key step in the Ehrlich pathway for fusel alcohol production. In Saccharomyces cerevisiae, 26 five genes share sequence similarity with genes encoding thiamine-pyrophosphate-dependent 27 2-oxo-acid decarboxylases (2ODCs). PDC1, PDC5 and PDC6 encode differentially regulated 28 pyruvate-decarboxylase isoenzymes, ARO10 encodes a 2-oxo-acid decarboxylase with broad 29 substrate specificity and THI3 has not yet been shown to encode an active decarboxylase. 30
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Fusel alcohol production is of considerable commercial importance. Fusel alcohols 71
and their esters are important flavour constituents of fermented foods and beverages (52). 72
Furthermore, phenylethanol, which has a characteristic rose-like flavor, is intensively used in 73 cosmetics and fragrances (13). Finally, production of several fusel alcohols, including 74 isobutanol, is under intensive study to explore their possible application as transport fuels, 75 because their physical and chemical properties offer advantages over those of ethanol (1,2) 76
Characterization of deletion mutants has indicated that Aro10p can catalyze the 77 decarboxylation of several aromatic and branched-chain 2-oxo acids (60,61), but no evidence 78 has so far been found for a catalytic activity of Thi3p. Therefore, the observation that aro10Δ 79 mutants are still able to decarboxylate phenylpyruvate indicates that at least one of the PDCs 80 has a substrate spectrum that allows decarboxylation of substrates other than pyruvate. Kinetic 81 properties of PDCs originating from different microorganisms have been compared (41) . 82
However, a systematic comparison of the substrate specificity of the individual 2-oxo-acid 83 decarboxylases in S. cerevisiae is not available and previous biochemical studies on PDC in 84 this yeast, which indicated a broad substrate specificity (33,51), are likely to have been based 85 on mixtures of the three Pdc isoenzymes (34), possibly contaminated with Aro10 (12). 86
Knowledge on the substrate specificity of individual 2-oxo-acid decarboxylases in S. 87 cerevisiae is essential for understanding the regulation of flavor and aroma production and for 88 metabolic engineering of this yeast for production of individual fusel alcohols. The goal of the 89 present study is to assess the substrate specificity of Pdc1, Pdc5, Pdc6, Aro10 and Thi3 for 90 different 2-oxo acids. To this end, the five structural genes encoding these proteins were 91 individually expressed in a pdc1∆ pdc5∆ pdc6∆ aro10∆ thi3∆ strain, followed by analysis of 92 substrate specificity and decarboxylation kinetics in cell extracts. The role of the PDC genes 93 in the production of n-propanol and n-butanol by S. cerevisiae was further investigated by in 94 vivo analysis of product formation in batch cultures grown on different nitrogen sources. 95
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The strategy was in a first instance to generate single deletion mutants of each pyruvate 120 decarboxylase gene (PDC1, PDC5 and PDC6). The gene deletions were performed by 121 integration of a loxP-kan-loxP cassette by homologous recombination at the locus of the 122 corresponding PDC gene using the short flanking homology PCR method described 123 previously in (62). The deletion cassettes were amplified using pUG6 (20) as a template and 124 specific primers (Table 2 ). All deletions were constructed in the diploid strain CEN.PK122. 125 G418 resistant transformants were analyzed by tetrad dissection (7) and G418 resistant 126 segregants were further analyzed by diagnostic PCR (Table S1) . 127
Thereafter following haploid strains were crossed as follow pdc1::loxP-kan-loxP x 128 Further to combine the triple pdcΔ mutation with the thi3 deletion, the strain CEN.PK707-4A 157 (MATa ura3-52, pdc1Δ pdc5Δ pdc6Δ) was crossed with the strain CEN.PK608-4B (MATα 158 pdc1Δ pdc5Δ pdc6Δ, thi3Δ) and the resulting diploid CEN.PK709, was then sporulated, 159 dissected and the haploid MATa CEN.PK709-4D was selected for the final cross. To combine 160 the triple pdc with the aro10 deletion, the strain CEN.PK707-4A (MATa ura3-52, pdc1Δ 161 pdc5Δ pdc6Δ) was crossed with the strain CEN.PK609-14B (MATα pdc1Δ pdc5Δ pdc6Δ, 162 aro10Δ) the resulting diploid CEN.PK710, was then sporulated, dissected and the haploid 163
MATα CEN.PK710-2B was selected for the final cross. 164
To obtain the final quintuple pdc1Δ pdc5Δ pdc6Δ, thi3Δ, aro10Δ strain CEN.PK711-7C, first 165 the strains CEN.PK709-4D and CEN.PK710-2B were crossed to form the diploid 166 CEN.PK711. Subsequently the diploid strain was sporulated and dissected; the haploid with 167 the correct phenotype CEN.PK711-7C was then selected. 168
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The correct genotype of all the strains carrying single or multiple disrupted 2-oxo acid 169 decarboxylases was confirmed by PCR. The complete PCR scheme used for the confirmation 170 can be found in Table S1 . 171
The strain CEN.PK711-7C was then transformed with different 2-oxo decarboxylase 172 expression vectors (Table 3) Pyruvate, 2-oxo-butanoate and 2-oxo-pentanoate decarboxylase activity was assayed at 30 °C, 210
immediately after preparation of cell extracts, using a Tecan GENios pro set (Tecan, Giessen, 211
The Netherlands). The assay mixture contained, in a total volume of 300 μl, 40 mM 212 imidazole-HCl buffer (pH 6.5), 0.2 mM thiamine pyrophosphate, 0.15 mM NADH, alcohol 213 dehydrogenase (Sigma-Aldrich) 88 U.ml -1 , 5 mM MgCl 2 , and cell extract. The reaction, 214 which was monitored as a decrease of absorbance at 340 nm, was started by addition of the 215 substrate. Reaction rates were linearly proportional to the amount of cell extract added. 216
Measurements for calculation of K m and V max , were performed using substrate concentrations 217 ranging from 0 to 50 mM for pyruvate, 0 to 5 mM for 2-oxo-butanoate and 0 to 8 mM for 2-218 Strain IMZ002, in which ARO10 was constitutively expressed showed no 2ODC 258 activity in cell extracts when it was grown on ethanol with ammonium sulfate as the nitrogen 259 source (data not shown). Activity of Aro10 was previously shown to depend on the nitrogen 260 source used for growth (60). Therefore, strain IMZ002 was grown on phenylalanine rather 261 than ammonium sulfate as the nitrogen source. 262
Cell extracts were prepared from duplicate ethanol-limited chemostat cultures of each 263 strain, followed by analysis of decarboxylation kinetics with eight substrates: pyruvate, 2-264 oxo-butanoate, 2-oxo-pentanoate, phenylpyruvate, 3-methyl-2-oxo-pentanoate (ketomethyl-265 valerate; KMV), 4-methyl-2-oxo-pentanoate (ketoisocaproate; KIC), 3-methyl-2-oxo-266 butanoate (ketoisovalerate; KIV) and 4-methylthio-2-oxobutanoate (MTOB). (Table 4 ). In contrast, high decarboxylase 277 activities with each of these three substrates were observed in strains expressing PDC1, PDC5 278 or PDC6 (Table 4) . Except for an almost 2-fold higher K m of Pdc5 for pyruvate, K m and V max 279 values of the three pyruvate-decarboxylase isoenzymes for these three linear substrates 280 differed by less than 20 % (Table 4 ). The V max of all three PDC isoenzymes was 281 systematically lower with 2-oxo-butanoate and 2-oxopentanoate than with pyruvate (Table 4) . 282
However, the K m was lower for 2-oxo-butanoate and 2-oxopentanoate than for pyruvate. 283
Pyruvate decarboxylase is known to exhibit cooperativity for its substrate pyruvate (26). 284
Cooperativity was also found for decarboxylation of 2-oxo-butanoate and 2-oxo-pentanoate 285 by the three pyruvate decarboxylase isoenzymes, as reflected by their Hill coefficients for 286 these substrates (Table 4) . 287 288 Pyruvate decarboxylase is essential for in vivo production of n-propanol and n-butanol 289 2-oxo-butanoate and 2-oxo-pentanoate can be formed by transamination of threonine and of 290 the non-proteinogenic amino acid norvaline, respectively. To investigate the role of pyruvate 291 decarboxylases in the in vivo decarboxylation of 2-oxobutanoate and 2-oxo-pentanoate, 292 growth of a pdc1∆, pdc5∆, pdc6∆ strain was compared with that of a reference strain and with 293 an aro10Δ strain during growth on ammonium, threonine or norvaline as sole nitrogen source. 294
Since growth on ethanol was extremely slow when one of these amino acids was used as 295 nitrogen source (data not shown), the S. cerevisiae strain IMI078 (pdc1∆ pdc5∆ pdc6∆ mth1 ΔT ) 296 was used. This strain carries a 225 bp internal deletion in the MTH1 gene, which eliminates 297 the glucose sensitivity of Pdc -strains and thereby enables fast growth in batch cultures on 298 glucose-ethanol mixtures (Oud, personal communication) (17) . 299
The reference strain CEN.PK113-7D produced up to 0.7 mM of n-propanol during 300 growth in shake-flask cultures on a glucose-ethanol mixture with threonine as the nitrogen 301 source (Figure 2) . Consistent with the absence of 2-oxo-butanoate decarboxylase activity in 302 cell extracts of a single-decarboxylase strain expressing only Aro10 (Table 4) , a similar 303 concentration of n-propanol was found in cultures of the aro10Δ strain CEN.PK555-4A. In 304 contrast, no n-propanol was observed in cultures of the strain IMI078 (pdc1∆ pdc5∆ pdc6∆), 305 neither with ammonium as nitrogen source nor with threonine or norvaline. Moreover, the 306 growth rate of strain IMI078 on threonine was severely affected (Figure 2 ). While n-propanol 307 production by pyruvate-decarboxylase-positive strains was only increased by 2.8-fold in 308 cultures grown with threonine as the nitrogen source relative to ammonium grown cell (Figure  309 2), the concentration of amylalcohol (2 methyl butanol) reached values above 6mM in strain 310 CEN.PK113-7D and 555-4A which represents a +43-fold increase when grown in presence of 311 threonine compared to ammonium. These results suggest that, under the experimental 312 conditions, catabolism of the carbon skeleton of threonine mainly proceed via the isoleucine 313 biosynthetic pathway rather than via the direct decarboxylation of 2-oxo-butanoate in the 314 Ehrlich pathway. However, the excess of 3-methyl-2-oxopentanoate (isoleucine 2-oxo acid 315 precursor) is then subsequently processed through the Ehrlich pathway yielding amyl alcohol. 316
We cannot as well exclude that 2-oxo butanoate proceeds via additional pathways (e.g. via the 317 GLY1-encoded threonine aldolase, (55)). 318
In cultures of the reference strain CEN.PK113-7D grown with norvaline as the 319 nitrogen source; n-butanol was detected at concentrations up to 2.8 mM (210 mg.l -1 ). 320
However, n-butanol was not detected in cultures grown with ammonium or threonine as the 321 nitrogen source (Figure 2) . Similar results were obtained with a strain in which ARO10 was 322 deleted. In contrast, deletion of the three PDC genes in strain IMI078 not only eliminated n-323 butanol production, but also abolished growth on norvaline as nitrogen source (Figure 2) . were analysed at substrate concentrations ranging from 0.1 to 30 mM. Consistent with a 338 previous suggestion that THI3 does not encode a functional 2-oxo acid decarboxylase (10), 339 cell extracts of the 'THI3-only' strain IMZ025 did not show a detectable decarboxylase 340 activity with any of the substrates tested (Table 5) . 341 Aro10, which cannot decarboxylate pyruvate, exhibited clear Michaelis-Menten type 342 saturation kinetics for all other substrates tested (Table 5) pyruvate-decarboxylase-expressing cultures grown with norvaline, the amino-acid precursor 405 of this fusel alcohol. In bacteria, 2-oxopentanoate can be formed as a side product of reactions 406 in branched-chain amino acid synthesis and can subsequently be aminated to norvaline (6). 407
Norvaline synthesis in E. coli strongly depends on cultivation conditions (6) and an early 408 study showed n-butanol production in S. cerevisiae strains mutated in branched-chain amino 409 acid metabolism (21,27). This indicates that, in S. cerevisiae, a native pathway for 2-oxo-410 butanoate synthesis operates in specific genetic backgrounds and, conceivably, under special 411 environmental conditions. By analogy with studies on norvaline production in E. coli (6), 412 such a pathway could encompass carbon chain elongation of 2-oxo-butanoate by the leucine 413 biosynthesis enzymes Leu4/9, Leu2 and Leu1. Alternatively, the frequent occurrence of low 414 concentrations of n-butanol in fermented beverages (50,63) may reflect pyruvate-415 decarboxylase-mediated decarboxylation of plant-derived 2-oxopentanoate by S. cerevisiae. 
PDC1 Rv TTATTGCTTAGCGTTGGTAGCAGCAGTC

For gene deletion PDC1-S1 TTCTACTCATAACCTCACGCAAAATAACACAGTCAAATCACAGCTGAAGCTTCGTACGC
PDC1-S2 AATGCTTATAAAACTTTAACTAATAATTAGAGATTAAATCGCATAGGCCACTAGTGGATCTG
PDC5-S1 ATCAATCTCAAAGAGAACAACACAATACAATAACAAGAAGCAGCTGAAGCTTCGTACGC
PDC5-S2 AAAATACACAAACGTTGAATCATGAGTTTTATGTTAATTAGCATAGGCCACTAGTGGATCTG
PDC6-S1 TAAATAAAAAACCCACGTAATATAGCAAAAACATATTGCCCAGCTGAAGCTTCGTACGC
PDC6-S2 TTTATTTGCAACAATAATTCGTTTGAGTACACTACTAATGGCATAGGCCACTAGTGGATCTG
THI3-S1 TCTAGCTATACACAGAGATATGCACTGCCGAAGTGTATAGCAGCTGAAGCTTCGTACGC
THI3-S2
